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Plant vitriWcation solution 2 lowers water content 
and alters freezing behavior in shoot tips during cryoprotection �
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Abstract

Plant shoot tips do not survive exposure to liquid nitrogen temperatures without cryoprotective treatments. Some cryo-
protectant solutions, such as plant vitriWcation solution 2 (PVS2), dehydrate cells and decrease lethal ice formation, but the
extent of dehydration and the eVect on water freezing properties are not known. We examined the eVect of a PVS2 cryopro-
tection protocol on the water content and phase behavior of mint and garlic shoot tips using diVerential scanning calorim-
etry. The temperature and enthalpy of water melting transitions in unprotected and recovering shoot tips were comparable
to dilute aqueous solutions. Exposure to PVS2 changed the behavior of water in shoot tips: enthalpy of melting transitions
decreased to about 40 J g H2O¡1 (compared to 333 J g H2O¡1 for pure H2O), amount of unfrozen water increased to » 0.7 g
H2O g dry mass¡1 (compared to »0.4 g H2O g dry mass¡1 for unprotected shoot tips), and a glass transition (Tg) at ¡115 °C
was apparent. Evaporative drying at room temperature was slower in PVS2-treated shoot tips compared to shoot tips
receiving no cryoprotection treatments. We quantiWed the extent that ethylene glycol and dimethyl sulfoxide components
permeate into shoot tips and replace some of the water. Since Tg in PVS2-treated shoot tips occurs at ¡115 °C, mechanisms
other than glass formation prevent freezing at temperatures between 0 and ¡115 °C. Protection is likely a result of con-
trolled dehydration or altered thermal properties of intracellular water. A comparison of thermodynamic measurements for
cryoprotection solutions in diverse plant systems will identify eYcacy among cryopreservation protocols.
Published by Elsevier Inc.
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Prevention of intracellular ice formation and
growth during cooling, storage, and thawing is crit-
ical for successful cryopreservation. This is most
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simply accomplished by removing water that
would otherwise form lethal ice crystals within cells
during cooling to liquid nitrogen (LN) tempera-
tures. Many cryopreservation protocols reduce
water content either by drying desiccation tolerant
tissues or by treating shoot tips with concentrated
solutions which osmotically remove water from
cells. Successful cryopreservation protocols
balance cell water content so that both freezing
injury and desiccation damage are minimized
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[15,27,36,46]. Drying cells, either by exposure to
air, concentrated solutions or freeze dehydration,
does not provide adequate protection from cryo-
genic temperatures for most non-hardy cell types.
Bathing cells in solutions containing speciWc mole-
cules provided a major breakthrough in modern
cryobiology (e.g., [16,34]) and the discovery that
some cryoprotectants are naturally produced by
cold-hardy plants during winter [21] provided clear
evidence that cryoprotection requires more than
just adjusting water content.

Since the discovery that cells treated with speciWc
cryoprotecting solutions survive exposure to cryo-
genic temperatures, variations on solution composi-
tion have been developed for plant cells
[24,33,37,42,43]. These solutions are called “vitriWca-
tion” or “vitrifying” solutions to emphasize their
role in preventing intracellular ice by promoting
glass formation in the aqueous domain of cells
[12,16,35,37]. Recent concepts of aqueous glasses
describe the complexity of temperature responses in
these supercooled, super-viscous solutions (e.g.,
[1,51] and references therein). Glass transitions
occur at about ¡115 °C in PVS2, the cryoprotectant
solution most commonly used for plants [37].
Despite their name and routine usage, the mecha-
nism by which vitriWcation solutions protect cells
from damage is poorly understood [20]. They may
function as elaborate desiccants and decrease the
amount of water that is available to form lethal ice
crystals [38]. Alternatively, they may stabilize cell
structures during desiccation and cooling as
described by literature on glassy states in dry biolog-
ical systems [6,11]. Finally, vitriWcation agents may
structure water remaining in cells so that it is less
likely to freeze [54]. Cryoprotectant solutions, espe-
cially those containing glycerol, are toxic to cells and
prolonged exposure can be problematic [14,17,50].

Thermal analyses of plant materials using diVer-
ential scanning calorimetry (DSC) demonstrate a
strong relationship between the presence of water
freezing or melting transitions and damage at sub-
freezing temperatures [4,12,13,23,25,26,39,44–47,52].
Evidence of Wrst order water transitions (i.e., freez-
ing and melting) are observed in seeds (e.g., [44–
46,52,18]), pollen [8], winter-hardy buds [47], naked
shoot tips of olive [25], and shoot tips encapsulated
in calcium alginate beads [4,13,25,39] that contain
more than 0.25–0.4 g H2O g dm¡1 (dm; dry mass).
Plant organs that survive LN temperatures usually
contain this amount of water or less (e.g., [12,46,52]),
though the window of acceptable water contents can
be widened by increasing cooling rate to over
100 °C s¡1 [52,53].

Water at water contents less than 0.25 g H2O g
dm¡1 is often referred to as ‘unfreezable’ or
‘unfrozen’ to indicate that motional restrictions are
too great to allow the molecular reorganizations
necessary for crystallization within a practical time
frame (the cooling rate in a typical DSC experiment
is usually 1–20 °C min¡1). With such restricted
mobility, water at these low water contents will vit-
rify with further cooling, if it has not already vitri-
Wed at room temperature, and second order
transitions, representing glass formation, may be
detected. Second order transitions (heat capacity
changes) in seeds (e.g., [51]) are small and broad
compared to those observed for simpler solutions
and alginate beads (e.g., [5,25]). DSC measurements
of water in biological materials may be confounded
by the presence of interfering signals from lipids and
by drying, cooling and warming protocols (e.g.,
[8,13,39,51]). DevitriWcation and recrystallization,
observed as an exothermic event in warming DSC
scans, are sometimes evident in materials containing
0.2–0.5 g H2O g dm¡1 [13,45] or hydrated materials
treated with cryoprotectants [4,32,37], and portend a
risk of damaging ice formation if cryoexposed mate-
rials are warmed as slowly as they are in DSC exper-
iments [27,35,37]. Recrystallization does not reXect
the stability of the glass per se [4,13,39], but rather
the mobility within the Xuid non-vitriWed material.
In addition to faster warming, recrystallization can
be lessened by increased drying [4,7,13,45] or longer
incubation in cryoprotectant solutions [23], though
both procedures can damage cells in other ways.

An evaluation of the Wrst and second order transi-
tions and water contents of cryoprotected shoot tips
will reveal potential mechanisms by which PVS2 is
eVective. Comparisons of the thermal properties of
treated biological materials and cryoprotectant solu-
tions provide valuable insights towards understand-
ing the mechanism of cryoprotection [3,5,15]. We
have used DSC to measure the size and temperature
of Wrst (exothermic and endothermic events) and
second order transitions (glass transitions) within
treated shoot tips of garlic and mint at each step of a
cryopreservation procedure that uses PVS2 as
the cryoprotectant. Bathing garlic shoot tips in
cryoprotectant solutions reduces the size and
sometimes the temperature of Wrst order transitions
[23], but it is unclear whether freezing is reduced
because the cells dried out in response to the cryopro-
tectants or because the cryoprotectants altered the
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thermodynamic properties of the water. Our study
combines detailed measurements of Wrst and second
order transitions detected using DSC with assess-
ments of cryoprotectant penetration and cell water
content to show that cryoprotectant solutions replace
some water in cells and alter the freezing behavior of
the remaining water. This information can be used to
determine treatment solutions and exposure times
that improve survival at LN temperatures.

Materials and methods

Plant materials

Summer harvested bulbs of garlic cultivar “Ger-
man Extra Hardy,” a porcelain type [48], were fully
cured and stored in paper bags within cardboard
boxes at 22 °C until they were used between the fol-
lowing September and January. A single shoot tip
(1.5 £ 1.5 £ 1.5 mm, containing at least 0.5 mm of
basal plate) was excised from each clove, placed
onto garlic medium [49], and kept at 5 °C for 48 h.

Mentha x piperita L. cultivar “Todd’s Mitcham
Peppermint” (PI 557973) plants were maintained
in vitro and propagated on mint medium (MS basal
mineral and vitamin medium [30] with 3% sucrose
and 1% agar). Shoot tips (0.5 £ 0.5 £ 1 mm) were
excised from lateral buds that emerged from excised
nodal sections cultured on mint medium for 3 days.
Shoot tips were placed overnight in liquid 0.3 M
sucrose with half-strength MS.

Cryopreservation

Excised shoot tips were immersed in 2 M glycerol
containing 0.6 M sucrose in half-strength MS salts
(glycerol + sucrose) for 20 min at 25 °C. Shoot tips
were submerged in PVS2 (15% w/v ethylene glycol,
15% w/v DMSO, 30% w/v glycerol, and 13.7% w/v
sucrose in MS salts) at 0 °C for 5–60 min [38]. For
garlic shoot tips, three drops of PVS2 solution, each
containing a shoot tip, were placed on aluminum
foil strips and immersed in vacuum-treated liquid
nitrogen (LN slush, ¡210 °C). Shoot tips on foils
were warmed by immersing in 1.2 M sucrose and
held for 20 min at 25 °C. For mint, 10 shoot tips were
placed in a 1.2 ml cryovial containing 0.5 ml PVS2
and plunged into liquid nitrogen. Vials were warmed
at 40 °C for 2 min, then shoot tips were diluted into
1.2 M sucrose for 20 min at 25 °C. Shoot tips were
subsequently cultured on solid medium. These
cryopreservation protocols are used routinely in our
laboratory to preserve garlic [49] and mint [42] germ
plasm.

Water and cryoprotectant content

Standard gravimetric comparisons of fresh and
dry mass cannot be used to measure water contents
in cryoprotected shoot tips because some cryopro-
tectants are also volatile. Steady state measurements
of shoot tip mass were achieved after heating shoot
tips at 90 °C for 24 h. We assigned this value as the
dry mass of the tissues plus the mass of non-volatil-
ized cryoprotectant. The proportion of water in the
volatile component of the sample was measured in
subsets of shoot tips after each cryoprotection step
by Karl Fischer titration [29] using Karl Fischer
reagent (Fisher Chemicals, Fair Lawn, NJ) and the
manufacturer’s directions. Based on the Bunsen
reaction, Karl Fischer titrations speciWcally detect
water, which is consumed when an alcohol and
amine oxidize in the presence of iodine. The end-
point is detected by a color or voltage change.

The amount of volatilized cryoprotectant was
then determined from the diVerence between total
volatile mass and the fraction that could be attrib-
uted to water. The mass of volatilized cryoprotec-
tant was added back to the dry mass measured from
oven dry weights to give a corrected dry mass that
was used for DSC calculations and data analysis.
Water content of shoot tips was manipulated by air
drying on the benchtop (relative humidity »30%) or
exposure to PVS2 for 5–120 min. Time course data
for cryoprotectant volatilization at room tempera-
ture were Wtted to logarithmic curves (r2 > 0.93) in
order to estimate the proportion of cryoprotectants
in the tissues as a function of air drying time or time
exposed to PVS2.

DiVerential scanning calorimetry

Shoot tips of garlic (1 tip per sample) and mint (8
tips per sample) were blotted dry, hermetically
sealed into Perkin-Elmer (Norwalk, CY, USA) vola-
tile aluminum pans (20 �l capacity), weighed, and
subjected to calorimetric measurements within
5 min. Thermal behavior of apical shoot tips was
measured after each step of the cryopreservation
procedure using a Perkin-Elmer diVerential scan-
ning calorimeter (DSC7) (Norwalk, CT, USA), cali-
brated for temperature with methylene chloride
(¡95 °C) and indium (156.6 °C) and for energy with
indium (28.54 J g¡1) [18]. Samples were cooled from
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20 °C to ¡150 °C and rewarmed to 20 °C at
10 °C min¡1. Temperatures and energies of Wrst and
second order transitions were calculated from heat
Xow data using Perkin-Elmer software. Onset tem-
peratures for ice crystallization and melting were
calculated from the intersection of the baseline and
the tangent to the steepest part of the transition
peak, and glass melting transitions were calculated
from the midpoint of the discontinuity in the base-
line of the scan. Enthalpy of the ice melting was cal-
culated from the area encompassed by the transition
peaks and a projected linear baseline. Heat capacity
of the glass transition was calculated from the power
of the baseline shift. The melting enthalpy per mass
of water and the amount of water remaining
unfrozen in tissues was calculated from the slope
and x-intercept, respectively, of the linear regression
between water content and the melting enthalpy per
dry mass of the shoot tips, where water content was
manipulated by air drying or exposure time to PVS2
(see [18] for details of analyses). Calorimetric data
were collected from three to eight replicates per
treatment.

The eVects of solutions were separated from the
eVects of LN exposure by measuring water content
and thermal behavior in mint shoot tip controls that
had undergone cryoprotection and recovery treat-
ments. Mint shoot tips were used to test the eVect of
cooling rate on DSC warming proWles. Shoot tips
sequentially treated with glycerol + sucrose and then
PVS2 (30 min) were sealed into a DSC pan and
plunged into LN. Pans were subsequently cold-
loaded into a pre-chilled DSC (¡150 °C) for analy-
sis. A limited supply of bulbs precluded conducting
this experiment with garlic.

Results

Calorimetric measurements and contents of
water and cryoprotectants were assessed in garlic
and mint shoot tips at each step in the cryopreserva-
tion process to determine how cryoprotection by
PVS2 reduced intracellular ice formation and the
rate at which this protection was lost during thawing
and recovery. Regrowth percentages of mint shoot
tips exposed to PVS2 at 0 °C for 30 min were 95 § 5
and 75 § 8% before and after LN exposure, respec-
tively [50], and regrowth percentages of garlic shoot
tips were 82 § 11 and 35 § 10% for the analogous
treatments (Volk, unpublished). Lethality was not
apparent until after 7 days of recovery for mint and
14 days of recovery for garlic, and so it is likely that
a mixture of killed and living samples were analyzed
by DSC after PVS2, LN, 1.2 M sucrose, and recov-
ery treatments.

Substantial water freezing and melting transi-
tions were observed in DSC scans of garlic (Figs.
1A and B) and mint (Figs. 1C and D) shoot tips
before PVS2 was applied and after the 1.2 M
sucrose recovery treatment which presumably
dilutes PVS2 within cells. The temperature of the
freezing transition decreased from about ¡15 °C
(both species) to about ¡32 °C (both species) after
exposure of shoot tips to glycerol + sucrose (scan
#2, Figs. 1A and C) and increased again during
recovery from about ¡30 °C immediately after
thawing in 1.2 M sucrose to about ¡15 °C after
5 days recovery (compare scans #5 and #7 in Figs.
1A and C and 2B). Similar temperature changes
were observed for melting transitions (Figs. 1B
and D) and are summarized in Fig. 2A. Shoot tips
of both mint and garlic had the highest melting
temperatures, between ¡3 and ¡8 °C, after the ini-
tial culture on medium or in 0.3 M sucrose, and
after 1 or 5 days recovery treatments. Treatment
with glycerol + sucrose lowered the melting tem-
perature to about ¡20 °C in both garlic and mint,
and PVS2 exposures of 5–15 min reduced the melt-
ing temperatures to ¡50 °C in shoot tips of garlic
that still exhibited melting transitions during
warming.

The size of the melting transitions changed dra-
matically during cryoprotection and recovery, with
the largest peaks observed in shoot tips after 1 and
5 days of recovery (Figs. 1B and D; full scale of ordi-
nate extends to 120 mW mg dm¡1, but is not shown
to show Wner details in more dehydrated samples;
see also Fig. 2C). Treating shoot tips with
glycerol + sucrose decreased the size of the endother-
mic peaks observed upon warming (compare curves
1 and 2 in Figs. 1B and D; see also Fig. 2C). Expo-
sure to PVS2 at 0 °C progressively decreased the size
of melting transitions so that they were not observ-
able within 5 and 30 min of treatment for mint and
garlic, respectively (Figs. 2 and 3).

The dehydrating and rehydrating eVect of the
cryoprotection and recovery procedures can also be
visualized by measurements of the water content in
the shoot tips (Fig. 2D). Water content for garlic
and mint shoot tips from medium and 0.3 M
sucrose, respectively, is about 4 g H2O g dm¡1. Treat-
ment with glycerol + sucrose lowers the water con-
tent to about 2 g H2O g dm¡1, and exposure to PVS2
lowers the water content further. Water contents
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increased to 1–2 g H2O g dm¡1 when shoot tips were
thawed in 1.2 M sucrose.

Water contents increased when recovering shoot
tips were placed back on solid medium (Fig. 2D).
Water contents of 4.4 § 0.2 and 6.2 § 0.2 g
H2O g dm¡1 were measured in untreated garlic and
mint shoot tips (i.e., shoot tips that were grown on
solid medium and were not exposed to 0.3 M
sucrose, glycerol + sucrose solution, PVS2 and LN)
(data for garlic in Fig. 2D; data for mint not shown).
Mint samples that received cryoprotection treat-
ments but were not exposed to LN readjusted to ini-
tial water contents within 1 day and stabilized
within 5 days (water contents were 5.7 § 0.3 and
6.1 § 0.1 g H2O g dm¡1 for 1 and 5 days post-recov-
ery, respectively) (data not shown). In contrast,
water contents for LN-exposed shoot tips increased
to higher levels (10.3 § 0.1 and 7.5 § 0.5 g
H2O g dm¡1 for garlic and mint, respectively) after
1 day recovery and resumed levels comparable to
initial measurements after 5 days.

Melting events were progressively smaller in gar-
lic shoot tips as time in PVS2 at 0 °C increased from
5 to 30 min (Fig. 3). A recrystallization event, seen as
an exothermic peak during warming, sometimes
occurred in garlic shoot tips after 5 or 15 min PVS2
exposures at 0 °C (Fig. 3, open arrows). After a 5 min
PVS2 exposure at 0 °C, garlic and mint shoot tip
water contents varied between 1.61 and 2.34 g
H2O g dm¡1 and 0.70 and 0.96 g H2O g dm¡1, respec-
tively (Fig. 3). Both mint and garlic shoot tips
exposed to PVS2 for more than 30 min at 0 °C exhib-
ited only second order glass transitions during cool-
ing and warming (Figs. 2–4). Both glass and melting
transitions were observed in mint shoot tips treated
with glycerol + sucrose, and the midpoint tempera-
ture of the glass transition decreased from ¡80 to
¡115 °C after treatment with PVS2 for 5 min
(Fig. 4A). The midpoint temperature of the glass
transition remained at ¡115 °C for both garlic and
mint shoot tips regardless of the time in PVS2
(Fig. 4A). The size of the baseline shift at ¡115 °C
decreased with exposure time to PVS2 in garlic
shoot tips (Fig. 4B).

DSC warming thermograms of mint shoot tips
treated with PVS2 for 15 min were similar among
samples cooled at 10 °C min¡1 or rapidly cooled by
plunging into liquid nitrogen and then loaded into a
DSC chamber precooled to ¡150 °C. Both cooling
methods gave glass transition temperatures of
Fig. 1. DSC scans showing Wrst order transitions that occur during garlic cooling (A) and warming (B) and mint cooling (C) and warming
(D). Single garlic or eight mint shoot tips were processed through the cryoprotection protocol to the indicated step of the procedure and
subsequently loaded into the DSC: (1) Medium (or liquid 0.3 M sucrose), 24 h, 25 °C, (2) 2 M glycerol + 0.6 M sucrose, 20 min, 25 °C, (3)
PVS2, 30 min, 0 °C, (4) PVS2, 30 min 0 °C, LN, (5) LN-1.2 M sucrose, 20 min, 25 °C, (6) 1 day recovery on media, and (7) 5 days recovery
on media. Bold line in Fig. 1D represents PVS2 and LN-treated mint shoot tips that were plunged into LN and then loaded into the DSC
sample holder precooled to ¡150 °C before warming.
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¡115 °C and no melting transitions (Fig. 1D com-
pare scan #4 with bold scan below it). Thus, for fully
protected shoot tips, the normal DSC protocol of
cooling at 10 °C min¡1 provided thermal informa-
tion for mint shoot tips treated for 30 min with
PVS2 similar to the more rapid cooling treatment of
plunging DSC pans into LN, which was comparable
to the cryopreservation protocols.

PVS2 components replace cell water within shoot tips

Changes in water content, dry mass, and content
of cryoprotectant molecules that volatilize during
heating to 90 °C (e.g., ethylene glycol and dimethyl
sulfoxide) were determined for mint and garlic
shoot tips after incubation in PVS2 (Fig. 5). About
0.6 mg of water was removed from a single garlic
shoot tip that had been treated with
glycerol + sucrose and exposed to PVS2 for
120 min; 0.4 mg of water were removed from a set
of eight mint shoot tips exposed to PVS2 for
30 min (Figs. 5A and C). Despite the loss of water,
the fresh mass of the shoot tips did not
change appreciably because of the compensating
eVect of penetrating cryoprotectants. In garlic
shoot tips, cryoprotectant content equilibrated
to about 1 mg cryoprotectant mg dm¡1 after 60 min
of exposure to PVS2 (Fig. 5B). For mint, cryoprotec-
tant levels  equilibrated to about 1.5mg cryoprotectant
mgdm¡1 within 15–30min of PVS2 exposure (Fig.
5D). Water contents decreased to about 0.6 g
H2O g dm¡1 within 30 and 60 min for mint and gar-
lic shoot tips, respectively, and then decreased to
about 0.4 g H2O g dm¡1 after an additional 30 min
exposure period (Figs. 5B and D). The diVerent
sizes of garlic and mint explants may account for
the diVerences in the kinetics of dehydration and
cryoprotectant permeation.
Fig. 2. Melting (A) and freezing (B) onset temperature and melting enthalpy (C) of Wrst order transitions that occur upon warming in gar-
lic and mint shoot tips, as measured using DSC. Water contents (dry mass basis) (D) of shoot tips after each step of the cryoprotection
procedure (as shown in order across the x axis): Medium (or liquid 0.3 M sucrose), 24 h, 25 °C; 2 M glycerol + 0.6 M sucrose, 20 min, 25 °C;
PVS2, 5 min, 0 °C; PVS2, 15 min, 0 °C; PVS2, 30 min 0 °C; PVS2, 30 min 0 °C, LN; LN-1.2 M sucrose, 20 min, 25 °C; 1 day recovery on
media; 5 days recovery on media. Bars represent average § SE of three to eight replicate samples. Temperatures for shoot tips treated with
PVS2 for 715 min are not given because melting transitions were not observed. The asterisks indicate data for the single sample out of
eight replicates exposed to PVS2 for 5 min that showed freezing and melting transitions.

Medium 
or 0.3 M

Suc

1 d 
Rec

1.2 M
Suc
Rec

PVS2
30 min

LN

PVS2
30 min

PVS2
15 min

PVS2
5 min

G+S 5 d
Rec

W
at

er
 c

on
te

nt
 

(g
 .

g 
dm

-1
)

E
nt

ha
lp

y 
of

 m
el

t
(m

J
.
m

g 
dm

-1
) 

M
el

t o
ns

et
 te

m
pe

ra
tu

re
 

(o C
)

Fr
ee

ze
 o

ns
et

 te
m

pe
ra

tu
re

 
(o C

)

A B

C D

*

*

*

Medium 
or 0.3 M

Suc

1 d 
Rec

1.2 M
Suc
Rec

PVS2
30 min

LN

PVS2
30 min

PVS2
15 min

PVS2
5 min

G+S 5 d
Rec



54 G.M. Volk, C. Walters / Cryobiology 52 (2006) 48–61
PVS2 components change the freezing and melting 
behavior of water remaining in cells

DSC measurements of shoot tips during the cryo-
protection process show that Wrst order transitions
representing phase changes in water are lost, and
second order glass formation transitions at about
¡115 °C appear in shoot tips exposed to PVS2 (Figs.
1–4). To test the hypothesis that the observed
changes were a simple consequence of dehydration,
we constructed a series of DSC scans of shoot tips
treated with culture medium (or 0.3 M sucrose), 2 M
glycerol + 0.6 M sucrose, and/or PVS2 and then air-
dried to diVerent water contents. We hypothesized
that if the observed changes in thermal behavior
were a direct eVect of dehydration alone, then the
amount of unfrozen water and the enthalpy of water
that froze, expressed per mass of water rather than
per dry mass of tissue, would be similar among
treatments (see [18] for details of the analyses). The
enthalpy of water melting transitions (determined
from the slope of regression between enthalpy and
water content (Fig. 6, Table 1)) was 309 § 11 J g
H2O
¡1 for garlic shoot tips on medium and

317 § 18 J g H2O
¡1 for mint shoot tips in 0.3 M

sucrose, which is comparable to the enthalpy of pure
water (333 J g H2O

¡1). Treatment with
glycerol + sucrose decreased the melting enthalpy on
a per mass of water basis to 162 § 16 and
231 § 30 J g H2O

¡1 for garlic and mint, respectively.
Treatment with PVS2 decreased the melting
enthalpy further to near 40 J g H2O

¡1 (Fig. 6, Table
1). Furthermore, the unfrozen water content (x-
intercepts in Fig. 6 and Table 1) progressively
increased with each cryoprotection step from 0.36 to
0.49 to 0.74 g H2O g dm¡1 for garlic shoot tips that
were untreated, exposed to glycerol + sucrose and
then to PVS2, and from 0.45, 0.67, and 0.68 g
H2O g dm¡1 for mint shoot tips after the same series
of treatments.

The change in water behavior can be graphically
depicted by DSC scans of garlic and mint shoot tips
that were exposed to medium or 0.3 M sucrose,
glycerol + sucrose, or PVS2 and then adjusted to
similar water contents by air drying (Fig. 7). Freez-
ing and melting transitions are evident at about
Fig. 3. DSC scans showing Wrst order transitions that occur during warming as single garlic (A) and sets of eight mint (B) shoot tips are
treated with PVS2 for between 5 and 60 min. Length of PVS2 exposure and water content values are provided for each scan. Gray arrows
denote second order transitions, white arrows denote Wrst order freezing transitions upon warming (recrystallization) and black arrows
denote Wrst order melting events.
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¡25 °C in shoot tips receiving no cryoprotecting
treatments that were air dried to about 0.78 g
H2O g dm¡1 for garlic on medium (Figs. 7A and B)
and 0.82 g H2O g dm¡1 for mint in 0.3 M sucrose
(Figs. 7C and D). The size of the transition peaks is
smaller in shoot tips that were exposed to
glycerol + sucrose and then adjusted to a similar
water content. There is no evidence of freezing and
melting events in PVS2-treated shoot tips adjusted
to similar water contents as the previous steps,
although a glass transition is detected at ¡115 °C.

PVS2 components impede water loss during air 
drying

Experiments described in this paper show that
cryoprotectants dehydrate plant cells and lower the
propensity of the remaining water molecules to
freeze. The latter eVect suggests that the residual
water may have restricted mobility, and we hypothe-
sized that this may also aVect the rate that shoot tips
equilibrate to ambient relative humidity (30% RH at
22 °C). Drying time courses show that equilibrium
water contents were achieved most rapidly, within
about 3 h of air drying, for shoot tips cultured in
medium or 0.3 M sucrose, despite the initially high
water content described in Fig. 2D (Fig. 8). Water
contents for garlic shoot tips treated with
glycerol + sucrose or glycerol + sucrose and then
PVS2 remained above 0.20 g H2O g dm¡1 for about
16 h (Fig. 8A) and equilibrated to 0.08 g H2O g dm¡1

after about 2 weeks (data not shown). In contrast,
water contents greater than 0.5 g H2O g dm¡1 were
maintained for about 18 h in mint shoot tips
exposed to glycerol + sucrose (Fig. 8B), but eventu-
ally decreased to about 0.2 g H2O g dm¡1 within 2
months (data not shown). PVS2 treated shoot tips of
mint reached the equilibrium water content of 0.08 g
H2O g dm¡1 in 3 days.

Discussion

We provide experimental evidence supporting
three mechanisms by which PVS2 aids cryoprotection
Fig. 4. Second order transition temperatures (A) and magnitude (heat capacity) (B) that occur upon warming in single garlic and sets of
eight mint shoot tips, as identiWed using DSC. Treatments are the same as those shown in Fig. 2. Bars represent average § SE of three to
eight replicate samples.
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of shoot tips: PVS2 (1) replaces cellular water, (2)
changes freezing behavior of water remaining in cells,
and (3) impedes water loss during air drying.
Because solution components permeate into cells,
PVS2 treatment can broaden allowable water con-
tents in cryopreserved shoot tips by lessening the
damage from excessive cell shrinkage and limiting
the risk of ice formation and growth (Fig. 5). These
eVects were observed in both garlic and mint shoot
tips, despite the diVerences in the shoot tip size of
the two species. PVS2 presence was apparent in mint
shoot tips (ca. 0.1 mg fresh mass per shoot tip)
within 5 min of exposure at 0 °C, while equivalent
eVects were observed in the larger garlic shoot tips
(ca. 1.5 mg per shoot tip) after 30 min. The consis-
tency of the observed eVects of PVS2 in two diverse
explant sources suggests that our observations may
be generally applicable across a broad range of
species.

Penetration of some components of PVS2 into
the cytoplasm is key to its cryoprotective function.
While sometimes considered impermeable (e.g., [36]),
plant cell walls and membranes appear to be perme-
able to dimethyl sulfoxide and ethylene glycol
[2,3,24,31]. Toxicity studies, which show glycerol-
induced damage exacerbated by dimethyl sulfoxide
and ethylene glycol [40,50], also point to the perme-
ability of cells to components of PVS2. The kinetics
of PVS2 entry into cells (Fig. 5) is consistent with a
previous report of dimethyl sulfoxide accumulation
in garlic shoot tips, as measured by HPLC [22]. The
mass of cryoprotectant entering shoot tips is com-
mensurate with the mass of water lost from the tis-
sues (Fig. 5). Replacement of water by non-aqueous
components occurs (e.g., dry matter accumulation
during plant embryogenesis), and is likely essential
for preventing damage from loss of critical cell vol-
ume [28] or surface area [41]. The mechanisms which
allow cell dehydration without cell shrinkage remain
unclear.

Dehydration of shoot tips as a result of exposure
to PVS2 had some expected and unexpected eVects on
the phase behavior of water. As expected, the size of
Wrst order transitions (freezing and melting) was
Fig. 5. Masses of fresh shoot tips, water, dry shoot tips, and accumulated volatile components of the cryoprotectant solution measured in
single garlic shoot tips (A) and sets of eight mint shoot tips (C). Concentrations of water and cryoprotectants in single garlic shoot tips (B)
and sets of eight mint shoot tips (D) after various lengths of PVS2 exposure (0 °C).

0

1

2

cryoprotectant

water

0

1

2

0

1

2

3

cryoprotectant

fresh

dry

cryoprotectant

water

water

 Garlic

 Garlic

0

0.5

1

1.5

 Mint

Mint

100 0 2550 50

C
on

ce
nt

ra
ti

on
 

(m
g 

.
m

g 
dm

-1
)

0

Time in PVS2 (min)

M
as

s 
(m

g)

cryoprotectant

fresh

dry

water

A

B

C

D



G.M. Volk, C. Walters / Cryobiology 52 (2006) 48–61 57
reduced with PVS2 exposure and glass transitions
became apparent (Figs. 1–4). However, PVS2
quenched Wrst order transitions more than expected
by dehydration alone (Figs. 6 and 7). Furthermore,
the glass transitions observed in PVS2-treated shoot
tips were atypical to current concepts of vitriWcation
in biology. Generally, “good glass formers” are
expected to be better protectants because they have
higher glass transition temperatures (Tg), and Tg is
expected to increase with dehydration as a result of
the plasticizing eVect of water [19]. The expected
glassy behavior was exhibited in glycerol+ sucrose
treated mint shoot tips, in which Tg increased from
¡80 to about ¡40 °C for shoot tips containing 2
(Fig. 1D scan #2) and 0.84 g H2Og dm¡1 (Fig. 7D).
The Tg for garlic shoot tips treated with glycerol
Fig. 6. The relationship between water content and enthalpy of melt in single garlic shoot tips (A) and sets of eight mint shoot tips (B).
Shoot tips from medium or 0.3 M sucrose (solid circles), glycerol + sucrose (open squares) or PVS2 (solid triangles) for diVerent lengths of
time. The slope of the regression lines represents the melting enthalpy on a per mass of water basis for each treatment (shown in Table 1).
The x-intercept is the water content at which there are no melting transitions observed (shown in Table 1).
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Table 1
Enthalpy of melting transition per gram of water (as determined from slope of lines in Fig. 7) and shoot tip water content below which
melting transitions are not observed (as determined from x-intercept of lines in Fig. 7)

Regression coeYcients (r2) for lines in Fig. 7 are provided. Enthalpy of melting transition per gram of water is signiWcantly diVerent
(denoted by letters) across treatments within a species.

Explant type Treatment Enthalpy of melt 
per gram water (J g H2O

¡1)
Water content 
(g H2O g dm¡1)

r2

Garlic Medium 317 § 18 a 0.38 0.98
Glyc + suc 162 § 16 b 0.49 0.91
PVS2 40 § 7 c 0.74 0.56

Mint 0.3 M suc 309 § 11 a 0.43 0.99
Glyc + suc 231 § 30 b 0.67 0.83
PVS2 45 § 10 c 0.68 0.48
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+sucrose also appears to increase with decreasing
water content (compare Fig. 1B scan #2 with Fig. 7B)
if one interprets the increase in power at ¡50°C in
Fig. 7B as a devitriWcation event. Expected glassy
behavior was also exhibited in glycerol +sucrose
treated mint shoot tips that resisted water loss under
ambient conditions for at least two months (water
contents were maintained at 0.5g H2Og dm¡1 for 18 h
(Fig. 8B) and 0.2g H2Og dm¡1 for >2 months (data
not shown)). Unexpected glassy behavior was exhib-
ited in PVS2-treated shoot tips: Tg decreased to
¡115°C (Figs. 3 and 4) and remained constant
despite drying (Figs. 1, 3, and 7).

Our data indicate that PVS2 does not induce
glass transitions at sub-zero temperatures near 0 °C
and that glass transition temperatures and magni-
tudes do not reXect the degree of cryoprotection.
Nonetheless, PVS2 has a remarkable ability to limit
freezing of water. We interpret the apparent contra-
diction of preventing water freezing without form-
ing glass as an indication that PVS2 imparts its eVect
in ‘pre-vitriWed’ solutions. These solutions have
suYcient mobility to permeate cells at 0 °C and
allow water to be displaced. At lower temperatures,
these cryoprotective solutions restrict molecular
reorganization necessary to nucleate water and
allow ice crystals to grow. This suggestion is sup-
ported by the >50 °C diVerence between glass melt-
ing and recrystallization that is observed in shoot
tips receiving only short exposures to PVS2 (Fig. 3).
It is not clear whether the limited crystallization is
mediated by a reduction in mobility, typically
viewed as the primary function of glasses, or a desta-
bilization of crystalline structure. The mechanism of
function is important for longevity in cryogenic
storage, because reduced cellular viscosity will likely
increase long-term survival [7,51]. Storage of pre-
served materials well below the glass transition tem-
perature is advocated since molecules are mobile at
Tg [7,9,10,51]. Our demonstration that Tg occurred
at ¡115 °C in PVS2-treated shoot tips, the same
temperature as that which occurs in PVS2 solution,
supports the storage of cryopreserved shoot tips at
liquid LN temperatures.
Fig. 7. DSC scans showing Wrst order transitions that occur during garlic cooling (A) and warming (B) and mint cooling (C) and warming
(D). Single garlic or sets of eight mint shoot tips were treated with either medium (or 0.3 M sucrose), 2 M glycerol + 0.6 M sucrose, or PVS2
and air dried to the same corrected water contents (as shown on the lines of the scans).
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Garlic and mint shoot tips treated with PVS2
for 30 min, showed no indication of water freezing
transitions in DSC experiments even though sur-
vival rates were 35 and 75%, respectively. This sug-
gests that the mortality observed following
cryoprotection and LN exposure was not a result
of intracellular ice. More likely, shoot tips were
damaged by the extreme desiccation allowed by
PVS2 (Fig. 6), by toxicity from the components of
PVS2 [50], or by the inXux of water following LN
exposure. The high water contents measured when
cryoexposed shoot tips were returned to solid
medium (Fig. 2D) may be symptomatic of repara-
ble damage to membranes in many shoot tips or
evidence of lethal damage in a subsample of shoot
tips. Survival rates of cryoprotected mint and gar-
lic shoot tips that were not exposed to LN were 95
and 82%, demonstrating some injury in garlic by
the protection procedures. Data presented here
and elsewhere (Volk and Caspersen, submitted)
suggest that PVS2 does not cause massive cell
shrinkage that is damaging to cells. However,
PVS2 dries samples below the unfrozen water con-
tent (compare water contents in Fig. 5 and in Table
1), a moisture level believed to be critical to sur-
vival of desiccation sensitive organs [18,47,52].

Cryoprotection and recovery of plant shoot tips
after LN exposure is associated with a reversible loss
and readjustment of water within cells without
major Xuctuations in shoot tip fresh mass or cell
size. When shoot tips are fully protected using PVS2,
there is no evidence of water freezing transitions.
However, evidence that PVS2 prevented ice forma-
tion by forming a glass is weak, and we suggest the
protective mechanism is based on a partial restric-
tion of molecular mobility and/or a disorganization
of ice crystal structure.
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Fig. 8. Corrected water contents for single garlic shoot tips (A) or sets of eight mint shoot tips (B) after treatment with medium (or 0.3 M
sucrose), 2 M glycerol + 0.6 M sucrose, or PVS2 and then air dried.
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